Leupeptin, a tripeptide inhibitor of some proteinases, was shown previously to maintain the stability of several enzymes (isocitrate lyase, fumarase, and catalase) in crude extracts ofcastor bean endosperm. This reagent is now shown to inhibit the breakdown of water-soluble and crystalloidstorage proteins of the protein bodies isolated from castor beans by the SH-proteinase and it also inhibits the endopeptidase from mung beans. When suitably introduced into the endosperm of dry castor beans it strongly inhibits germination and seedling development. Application of leupeptin to endosperm halves removed from the seed prevents the normal development of enzymes concerned with gluconeogenesis from fat and drastically curtails sugar production. The results suggest that the SHproteinase is intimately involved in the mobilization of storage proteins.
In a previous paper (1) we showed that leupeptin, a tripeptide inhibitor of the SH-proteinase, was remarkably effective in preventing the loss of solubilized enzymes in crude extracts of endosperm from young castor bean seedlings. In this report we describe the inhibitory effects of leupeptin on the breakdown of storage protein ofprotein bodies by the proteinase in vitro. The breakdown ofstorage protein in vivo early in germination is thought to provide precursors for the synthesis of enzymes and organelles concerned with the conversion of fat to carbohydrate in the endosperm tissue (14) . The SH-proteinase apparently plays an important role in mobilization of stored protein since, when leupeptin is introduced into whole castor bean seeds, it markedly inhibits germination and the synthesis of certain enzymes during development. MATERIALS (14); solutions were centrifuged and the supernatant solutions assayed for amino-N by the ninhydrin method (8) using glycine as standard. Protein was assayed by the Lowry method (9) with the use of a calibration curve prepared with crystalline BSA. Ricin and agglutinin were purchased from Sigma as "castor bean agglutinin type I" and "type II," respectively. When Azocoll was used as substrate, the proteolytic activity was assayed as described (3).
Mung Bean Cotyledon Extract. Seeds of mung bean [Vigna radiata (Linnaeus) Wilczek] were germinated under conditions described (3) and cotyledons were collected from 4-day-old seedlings. Forty cotyledons were homogenized in a cold mortar with 15 ml of 25 mm citrate-phosphate (pH 5.0). Homogenates were filtered through cheesecloth and centrifuged at 12,000g for 20 min. The supernatant solutions were used for proteolytic assay.
Application of Leupeptin to Castor Bean Seeds and Endosperm Halves. Leupeptin (Sigma) was applied to castor bean seeds by three different methods: (a) Imbibition; soaked seeds were incubated in small Petri dishes in 1.5 ml distilled H20 + 10,UM leupeptin at 30 C for 20 h, then planted in moist vermiculite at 30 C. (b) Injection into soaked seeds; soaked seeds were injected with 10 jig leupeptin in 10 pl water. Injection was conducted with a 10-A1 Hamilton syringe through the caruncular end of the seeds previously pierced with a needle. Seeds were then planted in moist vermiculite at 30 C. (c) Injection in dry seeds; dry seeds were treated as described in (b). Using dry seeds the entire 10-ilI aliquot of leupeptin solution could be easily injected into the seed, while this was much more difficult with soaked seeds.
When leupeptin was applied to endosperm halves, soaked seeds were used since it is impossible to remove the cotyledons from the dry seeds without damaging the endosperm surface. On each half 10 ,ug leupeptin in 30 IlI of 50 mm K-phosphate (pH 7.5) was applied; in 1 h at room temperature the droplets were completely absorbed. Five halves were then incubated in small Petri dishes in 1.5 ml of sterilized distilled H20 at 30 C. After 2 days an additional 1.5 ml of sterilized distilled H20 was added.
Growth parameters, sugar content and enzyme activities were analyzed after 4. days.
Enzyme Activities and Sugar Determination. Endosperm tissue was ground in 50 mm K-phosphate (pH 7.2), centrifuged at 270g for 20 min, and the supernatant solution used for enzyme assay. Enzyme assay methods were those described in the literature as follows: catalase (10), isocitrate lyase (6) (14) . The peak fractions eluted from CM-cellulose in 0.12 M NaCl were used in the following experiments.
The proteinase brought about hydrolysis of both the crystalloid and water-soluble fractions separated from protein bodies isolated from dry seeds, as well as that of hemoglobin (Table I) , the substrate frequently employed. Of the glycoproteins present in the soluble fraction of the protein bodies (14) the agglutinin was hydrolyzed very slowly and the ricin not at all (results not shown).
The addition of leupeptin (10 AM) completely prevented hydrolysis of hemoglobin and the two fractions separated from the protein bodies (Table I) .
The pH optimum for the proteinase with hemoglobin as substrate is pH 3.5 to 4.0; no activity is observed at pH values greater than pH 7.2 ( Fig. I and ref. 14) . However, when the native crystalloid protein was used as substrate, there was only small activity at pH 3.5 and a sharp optimum at pH 5.0 (Fig. 1) . Rapid hydrolysis of the endogenous storage protein has been shown to occur in isolated vacuoles at this pH (12) . Azocoll (3) Methods"). When dry seeds were allowed to imbibe water from solutions containing 10 ,LM leupeptin the protrusion of the radicle was delayed over the water controls. Injection of leupeptin 10 IL (10 jig) into presoaked seed also delayed germination. The injection of leupeptin into dry seeds was achieved more easily; the 10-p1 aliquot was completely absorbed. Of ten seeds treated in this way, seven had failed to germinate in 4 days while 10 control seeds similarly injected with 10 ,ul buffer had all germinated normally and the radicles had grown to a length of 7 cm. The three seeds receiving leupeptin that did germinate had radicles of 1.5 cm at this time. It seems that when appropriate penetration of the leupeptin is achieved, germination and early growth is severely reduced.
Endosperm halves excised from soaked seeds and incubated in water expand and the various enzymic capacities typical of attached endosperm develop normally (7) . The effect of leupeptin on the expansion, enzyme development and accumulation of sugars in such excised endosperm halves is shown in Table II . The leupeptin considerably curtailed the expansion of the endosperm halves, and each of the enzyme activities was drastically lowered by the inhibitor. The overall functioning of the metabolic system converting fat to sucrose is reflected by the sugar analysis, and, as shown, the accumulation was reduced by more than 70%o by the leupeptin.
The endosperm tissue of the castor bean seedling contains several hydrolytic enzymes which could contribute to the breakdown of storage protein (14) . One of these, the SH-proteinase is particularly sensitive to leupeptin when acting on the storage protein in vitro (1) . The fact that leupeptin can prevent germination and interfere with the development of the enzyme system bringing about the conversion of fat, the major storage reserve, to sucrose suggests (a) that breakdown of stored protein is an essential prerequisite for these developmental changes and (b) that the SHproteinase is intimately involved, presumably by converting the storage protein into the amino acid precursors used in the synthesis of the enzymes utilizing the stored fat.
